This is a commentary on three recent reports in Nature
A compass protein?
Qin et al (Qin et al., 2016) report the discovery of a putative magnetic receptor protein in the fruit fly. The protein forms a rod-shaped multimeric complex that includes binding sites for 20 iron atoms. The authors image individual complexes by electron microscopy on a sample grid. They claim (1) that each such rod has an intrinsic magnetic moment, and (2) that this moment is large enough to align the rods with the earth's magnetic field: "about 45% of the isolated rod-like protein particles oriented with their long axis roughly parallel to the geomagnetic field". Taking these claims in turn:
1. The protein complex has a permanent dipole moment. The smallest particles known to have a permanent magnetic moment are single-domain crystals of magnetite, about 30 nm in size (Dunlop, 1972) . Those contain about 1 million iron atoms, closely packed to produce high exchange interaction, which serves to lock their individual magnetic moments in parallel (Feynman, 2011 ). The protein complex described here contains only 20 Fe atoms, and they are spread out over a generous 24 nm. There is no known or suspected mechanism by which these would form a magnetic domain and thus give the complex a permanent magnetic moment. Particles of this type are strictly paramagnetic, with no permanent moment. So this claim contradicts conventional physics by about 5 log units.
2. Individual complexes align with the earth's field. Let us suppose that the 20 Fe atoms could in fact conspire -by a magical mechanism unknown to science -to align their individual spins perfectly, and to make a needle with a permanent magnetic moment. How well would this miniature compass needle align with the earth's magnetic field? This is a competition between the magnetic force that aligns the particle and thermal forces that randomize its orientation. What is that balance? .
That is the degree of alignment one would expect for the protein complex: a few parts in a million. Instead, the authors claim an alignment of 0.45. Again, this claim exceeds by about 5 log units the prediction from basic physics, even allowing for a magical alignment of the 20 Fe spins. Clearly the reported observations must arise from some entirely different cause, probably unrelated to magnetic fields.
A magneto-sensitive channel?
With the goal of controlling neural activity with electro-magnetic fields, Stanley et al (2015) tethered the intracellular terminal of a membrane channel (TRPV1) to the iron-binding protein ferritin. Most of the article regards neural activation using radio-frequency fields, presumably by heating the ferritin. The report also claims that static magnetic fields led to calcium influx through the channel, but the evidence is scant and hard to interpret: only 18 of ~2000 neurons "responded" (their Supplementary Figure 10 ). More recently Wheeler et al (2016) reported the design of a similar molecular system that couples magnetic fields to ionic current across the cell membrane. Their single-component protein consists of a mechano-sensitive cation channel (TRPV4) fused extracellularly to two subunits of ferritin. The hope was that "the paramagnetic protein would enable magnetic torque to tug open the channel to depolarize cells". Indeed, the report includes experimental results from several different preparations suggesting that neural activity can be modulated by static magnetic fields. What could be the underlying biophysical mechanism?
Ferritin is a paramagnetic protein containing much iron. A full 24-subunit complex binds about 4000 Fe atoms (Arosio et al., 2009 ). Because a paramagnetic particle has no permanent dipole moment, one certainly cannot use it to exert a "magnetic torque". At best one could pull on the particle. This requires a gradient of the magnetic field strength, and the paramagnetic particle will get pulled in the direction of higher strength (Feynman, 2011) . The magnitude of that force is proportional to the field gradient and the induced magnetic moment. The induced moment in turn is the product of the magnetic susceptibility and the magnetic field strength. In the experiments of Wheeler et al (2016) the field strength was ~0.05 T and the field gradient ~6.6 T/m (their Supplementary Figure 2 ). I will estimate the resulting forces three different ways.
1. At these low field strengths we can suppose that the iron in ferritin follows the Curie law (Feynman, 2011) , such that the magnetic moment of the particle is
where N is the number of iron atoms. We will suppose that the two subunits of ferritin are able to nucleate an entire 24-subunit ferritin complex; thus N = 4000 . The interaction energy between the moment and the magnetic field is
where the factor of 1 2 arises because M is in turn induced by the field. The force produced by the field gradient is the spatial derivative of that energy, namely How does this compare to the force needed to open an ion channel? That has been measured directly for the force-sensitive channels in auditory hair cells (van Netten et al., 2003) , and amounts to about 2 × 10 −13 N . So the purported biophysical mechanism for the observed effects seems about 9 log units too weak to provide an explanation.
2. As an alternative to this first-principles calculation, one can also draw on direct measurements. The magnetic moment of a ferritin particle can be expressed as
where
. is the measured magnetic susceptibility per volume for ferritin, corrected for that of the displaced water (Zborowski et al., 1995) ,
is the volume of the ferritin sphere with radius R = 6 nm , and
is the vacuum permeability. As before, the force exerted by a magnetic field gradient is Note this estimate is entirely independent of the simple ab initio argument made above, yet matches it within a factor of 10. It is still 10 log units too small to explain gating of an ion channel.
3. Perhaps the forces are generated by a different principle. As proposed by Davila et al (Davila et al., 2003) , neighboring paramagnetic particles linked to the cell membrane could tug on each other by the interaction between their magnetic moments, rather than by each being drawn into a magnetic field gradient. For example, if the field is oriented parallel to the membrane, then nearby ferritins will have induced magnetic moments that are collinear and thus attract each other. If the field is perpendicular to the membrane their magnetic moments will repel. These dipole-dipole interactions decline very rapidly with distance. For example, in the attractive configuration the force between two dipoles of equal magnetic moment M at distance r is given by
So the strongest interaction will be between two ferritins that are nearly touching. In that situation, following the geometric arguments of Davila et al. (2003) , one estimates that
is the magnetic susceptibility of ferritin (Zborowski et al., 1995) , and R = 6 nm is the radius of the molecule. Thus Unfortunately we are again left with an exceedingly tiny force, about 9 log units weaker than the gating force of the hair cell channel.
What if the mechano-sensitive channel used in this study is simply much more sensitive to tiny forces than the channel in auditory hair cells? An absolute limit to sensitivity is given by thermal fluctuations. Whatever molecular linkage the ferritin is pulling on, it needs to provide at least kT of energy to that degree of freedom to make any difference over thermal motions. How far would the particle have to move in the force field to gain one kT? For the largest force estimate we obtained, that distance is
2.64 × 10 −22
= 15.6 m .
That is very far, about 8 log units bigger than the space available between cells for the ferritin particle to move around.
By all accounts, none of the biophysical explanations proposed for the magnetic activation of these ion channels is even remotely plausible. If the phenomena occurred as described, they must rely on an entirely different mechanism.
Discussion
Why does any of this matter? Can't we just revel in the beauty of the experimental observations without nitpicking where they come from? In my view it is important to offer a viable physical explanation, first of all because claims that violate the known laws of physics often turn out to be wrong. For such claims, readers and reviewers may need to substantially raise the bar for the scientific evidence 1 . Second, even if the reported phenomena can be replicated, what matters more are the underlying mechanisms and explanations. If the proffered explanation is implausible, we may end up with a very different evaluation of the phenomenon itself. Finally, there is always a small chance of discovering new physics. But only if one understands what the old physics predicts and recognizes the discrepancy.
What should be done? Journal editors could take a simple step, namely ask authors to provide an explicit hypothesis that explains the reported phenomena in quantitative terms. In an age where authors are required to present statistical calculations to justify the design of a study, and pvalues to interpret its results, it seems a small request to add a back-of-the-envelope calculation checking the observations against college textbooks. Reviewers could then be encouraged to check whether that explanation makes sense. Lacking such preventive measures, these highprofile articles will continue to provide fodder for entertaining homework problems in our biophysics courses.
